In this study, Cr (VI) biosorption isotherms were investigated depending on temperature by employing batch biosorption technique and using olive stone as sorbent. To analyse the effect of the temperature in the equilibrium of the biosorption process, experiments were carried out by varying the concentration from 10 to 220 mg/L, at three temperatures: 25ºC, 60ºC and 80ºC.
Introduction
Cr (VI) is one of the most toxic metals due to its mutagenic and carcinogenic properties according to the US EPA. Cr (VI) is mainly introduced into natural waters from a variety of industrial wastewaters including those from electroplating, leather tanning, textile dyeing and metal finishing industries [1] .
The removal of heavy metal contaminated wastewater is generally accomplished by conventional methods such as chemical precipitation, membrane separations or resin ion exchange but these methods have limitations and often are not economically viable, produces large quantity of toxic waste sludge or the metal removal is incomplete especially for the removal of heavy metals at low concentrations.
Biosorption has been proposed as an alternative method because of its ecofriendly nature, excellent performance and low cost [2] .
The objective of this study was to investigate the possible use of olive stone as an alternative biosorbent material for removal Cr (VI) ions from aqueous solutions. The paper reports the results for equilibrium studies at three temperatures: 25ºC, 60ºC and 80ºC. Equilibrium isotherm models were applied to establish the biosorption capacity. Thermodynamic parameters were also evaluated from the biosorption measurements.
Materials and methods

Biosorbent: olive stone
Olive stones were supplied by the olive cake oil extraction plant ''Orujera Ubetense, Sociedad Cooperativa Andaluza'' located in Ubeda, province of Jaen, Spain.
The stones were obtained from the separation process of the olive cake with an industrial pitting machine, with a 4 mm sieve-separator, which is the standard size used in this industrial process. Then, the olive stones were milled in laboratory from an initial size ranging of 4 mm to a fraction lower than 1 mm and it is the solid used for the entire test.
Equilibrium tests
The experiments were performed by mixing 0.5 g of olive stone in 50 mL of the synthetic Cr (VI) solutions. Solutions of Cr (VI) were prepared in distilled water using the following metal salt Cr(NO 3 ) 3 ·9H 2 O.
Equilibrium isotherm studies were conducted at 25, 40 and 60ºC with constant amount of olive stone (10 g/L) at the constant pH 2 during 300 minutes and for initial Cr (VI) concentration between 10-220 mg/L. The solutions were taken and placed in a 100 mL jacketed reactor that is connected to a thermostat-controlled bath, pH of the solution was adjusted with 0.1M HCl or 0.1M NaOH solutions and temperature set at the desired value.
Once the operation time had elapsed, the liquid phase was taken out of the reactor, centrifuged for 10 min, then the supernatant solution was filtered and analysed for determined metal concentrations by a spectrophotometer (Termo, Genesys 6 UV/VIS) at 540 nm after complex at ion with 1,5-diphenyl carbazide [3] . The total Cr concentration in the aqueous samples was determined using a flame atomic absorption (AA) spectrophotometer (Perkin Elmer Model 3100) and Cr (III) concentration by difference.
The amount of metal ion absorbed at equilibrium per unit mass of biosorbent was determined according to the following equation:
where q e is the metal uptake at equilibrium (mg metal/g biosorbent), V the liquid volume (L), C i the initial concentration of Cr (VI) in the solution (mg/L), C e the equilibrium concentration of metal in the solution (mg/L), and m the amount of the biosorbent sample on a dry basis (g).
Each experiment was carried out at least twice to check reproducibility of the results and biomass-free blanks were used as control.
Results and discussion
Equilibrium models
The biosorption equilibrium is described by mathematical models (sorption isotherms), which relate the retained amount of the sorbate and what remains in the solution once the equilibrium is reached, at a constant temperature [4] .
Although numerous models appear in the literature for the study of equilibrium in biosorption systems [5] , the most used are the Langmuir model and the Freundlich model. In this study, these two models have been used, as well as the Redlich-Peterson model, which incorporates the characteristics of the first two to describe the biosorption equilibrium of chromium using olive stone as a solid sorbent.
The Langmuir isotherm can be represented by the following expression [6] ,
where q e is the sorption capacity at equilibrium (mg/g), C e is the final equilibrium concentration of metal ion at liquid phase (mg/L), q m and b are the Langmuir constants, related to the maximum sorption capacity for a complete monolayer (mg/g) and to the affinity between the sorbent and sorbate (L/mg), respectively.
In 1906, Freundlich [7] studied the sorption of a material in coal of animal origin and found a potential relationship between the absorbed solute and the equilibrium concentration which can be expressed by means of the following equation
where q e and C e have the same meaning as in the Langmuir isotherm, K F is the equilibrium constant ((mg/g)·(L/mg) 1/n ) and n is a constant related to the affinity between the sorbent and the sorbate. The Redlich-Peterson isotherm contains three parameters and incorporates the characteristics of the Langmuir and Freundlich isotherms [8] . This isotherm has a linear relationship with the concentration in the numerator and an exponential function in the denominator, and can be expressed as follows [4] :
where A and B are two constants (L/g and (L/mg) g , respectively), g is a parameter whose value is limited between 0 and 1, thus when g = 1 it converts to the Langmuir isotherm form and when g = 0 it converts to the Henry law.
Modelling
In literature it has been verified that Cr (VI) can be easily reduced to Cr (III) in the presence of particular solid sorbents and in acid media. Therefore, it can be stated that the mechanism for chromium retention would really imply two simultaneous processes [9] [10] [11] .
• The reduction of Cr (VI) to Cr (III) in presence of the biosorbent and in acid media. • The retention of the initially present Cr (VI) by the biosorbent, as well as of the Cr (III) formed during the reduction process. To analyse the effect of the initial Cr (VI) concentration in the process of biosorption, experiments were carried out by varying the concentration from 10 to 220 mg/L, at three temperatures: 25ºC, 60ºC and 80ºC. A contact time of 300 min and a pH equal to 2 were chosen considering previous results. Figure 1 illustrates the final concentration of Cr (VI) and Cr (III) in solution as a function of the initial Cr (VI) concentration and temperature, with the objective to observe more clearly the effect of the reduction to Cr (III) on the Cr (VI) retention by olive stone.
It can be observed that the temperature favours both the biosorption and the reduction processes, thus, for a specific initial Cr (VI) concentration, as temperature increases, the final Cr (VI) concentration that remains in the solution decreases, and the Cr (III) concentration also increases, this being more important when the temperature increases from 60ºC to 80ºC. Also, at 80ºC it can be observed that an increase in the initial Cr (VI) concentration also causes an increase in its reduction to Cr (III), an effect which is not observed at lower temperatures, although it must be taken into consideration that the Cr (III) concentrations in solution are very low (especially at 25ºC) and in some cases could be within the error range inherent to the applied analytical systems.
These results have been adjusted to the three models considered (Langmuir, Freundlich and Redlich-Peterson) and the results obtained for the parameters of each of these models are reported in Tables 1 and 2 It can be observed that, for both the total Cr and Cr (VI), the Langmuir model her hand, from the results obtained for Cr (VI) it has been concluded dicated, that an increase in temperature favours the Cr (VI) retention by olive stone, although it should be taken into consideration that a greater reduction from Cr (VI) to Cr (III) also is the one that best reproduces the experimental results for all the chosen temperatures, which is also confirmed by the adjustment with the Redlich-Peterson model where the value g obtained clearly tends to one and, therefore, taking into consideration the limit this parameter represents, to the Langmuir isotherm.
On the ot that the maximum sorption capacity, q m , increases as the temperature increases, from a value of 1.728 mg/g at 25ºC to 4.824 mg/g at 80ºC. Similarly, the parameter b also increases with temperature, from 0.112 L/mg to 0.472 L/mg when the temperature increases from 25ºC to 80ºC.
These results suggest, as has been previously in takes place, therefore, the effect of temperature in the total Cr is less important since, in this case, q m increases from 2.168 mg/g at 25ºC to 3.666 mg/g at 80ºC.
There are few studies in literature that simultaneously analyse the effect of Cr (VI) biosorption and its reduction to Cr (III) since the majority of researchers report a maximum sorption capacity value without taking into consideration that part of the temperatures.
Cr (VI) removed by the biosorption really remains in the solution as Cr (III) [12] [13] [14] . Wi the objective to compare experimental data and mod ls in igure 2 was pres nted the chromium retenti n cap city alues, q e , ve sus the chromium 
where b is the Langmuir constant and C i is the initial Cr (VI) concentration, mg/L. The R L constant indicates the type of isotherm, thus, for values between 0 and ial chromium concentration and for the three temperatures used. It can be In order to describe thermodynamic behaviour of the biosorption of Cr (VI) ions ameters including the change in free energy (∆G), enthalpy (∆H) and entropy (∆S) were calculated in accordance with the 1 sorption is favourable [15] [16] [17] . Figure 3 represents the R L values with regard to the init observed that these values are between 0 and 1 for all the operational conditions used, which indicates that the retention of Cr (VI) using olive stone is a favourable process.
Thermodynamic parameters
onto olive stone, thermodynamic par following expressions [18, 19] . 
where R is the universal gas constant (8.314 J/mol K), T is temperature (K) and b is the Langmuir constant (L/mg). Table 3 reported the results found for Cr (VI). For Cr (VI) the process is endothermic, since the enthalpy has a positive value, and the negative free energy values, ∆G, shows the spontaneous nature of the process and that it is favoured by the increase in temperature and ∆S showed the irreversibility of Cr (VI) biosorption. These results are similar to those found by other researchers for the elimination of heavy metals using solid sorbents of different natures. In this way, Das et al. [20] found a ∆H value of 9.39 kJ/mol and ∆G values that vary from -23.50 kJ/mol to -27.02 kJ/mol for a range of temperatures from 30ºC to 60ºC, for the Cr (VI) biosorption by active carbon extracted from cow dung; Tewari et al. [21] in their Cr (VI) biosorption study with Mucor hiemalis, ∆ 21.3 kJ/mol a found that ∆G mperature nge of 22ºC to 38ºC, during Cr (VI) biosorption by active carbon obtained om rubber.
Conclusions
quilibrium biosorption performance of olive stone was investigated for the moval of Cr (VI) from single aqueous solutions. The Langmuir, Freundlich and indicated a H value of 19.6 kJ/mol and a ∆G change from -18.4 kJ/mol tos temperature increases from 27ºC to 50ºC and Hamadi et al. [12] changes from -12.33 kJ/mol to -13.86 kJ/mol in a te ra fr Redlich-Peterson models were used for the mathematical description of the iosorption equilibrium. The equilibrium experimental data at various mperatures fitted well to the Langmuir isotherm. The apparent thermodynamic arameters suggest that the process is endothermic, spontaneous and irreversible. ut the most important conclusion of this work is the verification of that the echanism for chromium retention really imply two simultaneous processes: the reduction of Cr (VI) to Cr (III) and the retention of the initially present Cr (VI) rb
